The purpose of this study was to compare gait among patients with scoliosis undergoing posterior spinal fusion and instrumentation (PSFI) to typically developing subjects and determine if the location of the lowest instrumented vertebra impacted results.
Summary of Background Data
PSFI is the standard of care for correcting spine deformities, allowing the preservation of body equilibrium while maintaining as many mobile spinal segments as possible. The effect of surgery on joint motion distal to the spine must also be considered. Very few studies have addressed the effect of PSFI on activities such as walking and even fewer address how surgical choice of the lowest instrumented vertebra (LIV) influences possible motion reduction.
Methods
Individuals with scoliosis undergoing PSFI (n = 38) completed gait analysis preoperatively and at postoperative years 1 and 2 along with a control group (n = 24). Comparisons were made with the control group at each time point and between patients fused at L2 and above (L2+) versus L3 and below (L3-).
Results
The kinematic results of the AIS group showed some differences when compared to the Control Group, most notably decreased range of motion (ROM) in pelvic tilt and trunk lateral bending. When comparing the LIV groups, only minor differences were observed, and the results showed decreased coronal trunk and pelvis ROM at the one-year visit and decreased hip rotation ROM at the two-year visit in the L3-group.
Introduction
Scoliosis is the most common orthopaedic disorder among children and adolescents and the 3D deformation of the spine changes the mechanics of the whole body. Posterior spinal fusion and instrumentation (PSFI) is the standard of care for correcting spine deformities in individuals with adolescent idiopathic scoliosis (AIS), allowing the preservation of body equilibrium while maintaining as many mobile spinal segments as possible [1] , [2] . The effect of surgery on body shape, pain, and decompensation phenomenon has been well documented [3] ; however, there is still uncertainty on how AIS and subsequent spinal fusion to varying levels affects functional outcomes such as walking, particularly in segments other than the trunk.
Standing coronal and sagittal radiographs are the standard means of preoperative analysis and postoperative assessment of surgical results of spinal fusion [4] ; however, this static assessment does not address the associated changes in functionality that may occur following fusion. Changes to trunk mobility have been measured via dynamic assessment following this procedure [5] . To date, there is not sufficient robust evidence to judge the influence of scoliosis deformity on kinematic parameters during walking [6] .
Gait analysis was first used to define normal spinal and pelvis motion by Thurston and Harris in 1976 [7] . In a gait analysis of the head, trunk, and pelvis, Kramers-de Quervain et al. observed significant asymmetry in the trunk's rotational behavior in the transverse plane during double limb stance in 10 females with AIS whereas head and pelvic rotation followed a symmetric pattern [8] . While several investigators have studied gait following spinal fusion in scoliosis [9] , [10] , [11] , it is not clear if trunk and lower extremity kinematics are impacted in follow-ups beyond the first year postoperatively. Past work has shown individuals with AIS to have decreased pelvic, hip, and knee ranges of motion during gait compared to healthy, control subjects, although the restriction of motion was relatively small [12] . Following surgery, the spine has been shown to become stiffer with decreased spinal range of motion (ROM) [9] . Short-term follow-ups post spinal fusion have shown slight increases to pelvic and hip frontal motion [11] ; however, the longer-term effects of surgery on lower body gait kinematics are still unclear.
Even fewer clinical studies address how surgical choice of the lowest instrumented vertebra (LIV) influences possible reductions in motion. The lowest level to fuse the vertebra is a continued topic of clinical debate and a majority of the work addressing LIV has focused on trunk motions. Appropriate selection of the LIV is crucial to ensure positive outcomes after surgical management of patients with AIS. Failure to do so can lead to curve decompensation and "adding on" of additional vertebrae to the deformity [13] . Because of the mobility of the lumbar spine and the propensity for symptomatic degeneration, selection of the optimal LIV is believed to play a significant role in the ultimate clinical outcome of the patient. The concept of "saving a level" by stopping the fusion short must be weighed against the potential to leave an undercorrected or unbalanced spine [14] . Although several publications have described the contribution of LIV to trunk mobility [5] and volitional weight shifting [15] , no studies have compared gait outcomes between varying LIV.
The goal of PSFI surgery is the preservation of body equilibrium while maintaining as many mobile spinal segments as possible. Ultimately, the purpose of this study was to (1) compare pre-, one-year, and two-year postsurgery conditions among patients with scoliosis undergoing PSFI to assess effects on temporospatial and trunk and lower body kinematics during gait compared to typically developing subjects and (2) determine if the location of the LIV had any impact on the results. We hypothesized that the spinal fusion would result in stiffer gait (as measured by joint ROM) and that individuals with PSFI to more distal LIV (L3 and below) would experience more joint stiffening during gait.
Materials and Methods
This was a prospective study performed on 38 individuals with AIS (5 males, 33 females, age 15.0 ± 2.1 years) undergoing PSFI ( Table 1 ). The AIS Group consisted of a sample of convenience between October 2007 and August 2012 at a single specialized pediatric orthopaedic institution (Figure 1) . A consecutive series of 120 patients had a PSFI, of which 38 patients agreed to participate in the AIS Group. The average age at the time of the PSFI was 15.0 years ± 2.1 years. Participants were excluded if they required fusion outside T12 through L4. None of the participants had an L5 vertebra above the intercrestal line or L5 sacralization. Because of safety concerns, participants were excluded if they could not walk/stand independently. Patient demographics are defined in Table 1 . The LIV was determined by the operating surgeon using the standing radiograph, intersection of the center sacral vertical line, and correction of the LIV on traction and bending films. The goal was to have the LIV centralized, horizontalized, and neutralized postoperatively. Gait analysis was performed on all patients preoperatively and at postoperative years 1 (mean, 1.15 years; range, 0.8-1.5 years) and 2 (mean, 2.2 years; range, 1.8-3.4 years). All participants freely consented in accordance with an institutionally approved IRB protocol. This group was split into two subgroups, L2+ (fusions to L2 and above, 14 subjects) and L3-(fusions to L3 and below, 24 subjects), to evaluate the effect of LIV on trunk and lower extremity gait.
Gait data were collected at 120 Hz using a passive marker 14 camera (MX model) motion capture system (Vicon; Oxford Metrics, Oxford, UK) on a 10-m walkway. Reflective spherical markers were placed at anatomical landmarks on the subject's pelvis and lower limbs in accordance with the validated Vicon Plug-in-Gait Model ( Figure 2 ) [16] , [17] . All gait data were run through a Woltring filter with a mean squared error (MSE) value of 20. The system underwent calibration, ensuring accuracy of less than 1 mm [18] . Each subject was asked to walk at a self-selected pace for 10-15 trials, from which a minimum of three representative trials were selected. All data collection and analysis was performed by the same tester for reliability purposes. To minimize reviewer bias, a standardized quantitative protocol for data collection, processing, reduction, and analysis was employed. Additionally, study staff were unaware of LIV at the time of baseline testing. Kinematic parameters were calculated for every trial and then averaged for each individual. Select gait parameters were compared to an age range-matched healthy, control group (11 males, 9 females, age 15.8 ± 2.4 years). Temporospatial values and ROM of the trunk, pelvis, hip, knee, and ankle were analyzed. A linear mixed model fit was used to account for within-person correlations. To evaluate the effect of PSFI on trunk/lower body gait parameters, Student t tests were performed to compare mean temporospatial values and kinematic excursions at preoperative, one-year, and two-year postoperative time points. To evaluate the effect of LIV on gait parameters, Student t tests were further used to compare participants fused at L2+ or L3-. Level of significance was set at 0.01 to control for multiple comparisons and potential for false discoveries. Statistical analysis was performed using SAS version 9.4 (IBM, Armonk, NY).
Results
Of the 38 patients initially tested, 29 returned for the one-year visit and 27 returned for the two-year visit. Results are summarized in Table 2 . Preoperatively, the comparison between the L2+ and L3-group showed there were no significant differences between the two surgical groups for any variables analyzed (Figure 3 ). Decreased cadence was observed in both LIV groups at the one-and two-year visits. Slight decreases in overall walking speed were observed; however, the difference was not statistically significant. Data are shown as mean (standard deviation). * p < .05, * * p < .01. Slight differences were observed in the kinematics when compared to the Control Group, most notably in the sagittal plane of the pelvis and the coronal plane of the trunk (Figure 3 ). In the trunk, lateral bending ROM was lower than the control group in the L3-group preoperatively, L2+ group at postoperative year 1, and both groups at postoperative year 2. Other groups tested did not meet our strict statistical requirement of p <.01. The ROM was lower in the L3-group than in the L2+ group at the one-year follow-up visit.
The pelvis showed decreased sagittal ROM in both groups as compared to controls at all time points tested but the decrease was not significant in the L3-group preoperatively or the L2+ group at postoperative year 1. However, no statistically significant differences were observed for comparisons between the two surgical groups. A preoperative increase in pelvic obliquity was observed in the L2+ group, which was corrected following surgery at the two-year visit. Pelvic rotation ROM was decreased but not significantly in both groups at both the one-and two-year visits.
At the hip, there was decreased ROM in the sagittal plane in both groups at the one-year visit. ROM returned to normal ranges at the two-year visit for both groups. Deceased hip rotation was also observed at the one-year visit for both groups. The L2+ group returned to normal ROM at the two-year visit whereas that for the L3-group remained low. Only minor differences were observed in the sagittal knee ROM and foot progression angle.
Discussion
The purpose of this study was to (1) compare pre-, one-year, and two-year postsurgery conditions in scoliosis patients undergoing PSFI to assess effects on trunk and lower body kinematics during gait compared to typically developing controls and (2) determine if the location of the lowest instrumented vertebra impacted the results. We hypothesized that the spinal fusion would result in stiffer gait (as measured by joint ROM) and that individuals with PSFI to more distal LIV (L3 and below) would experience more joint stiffening during gait. Hypothesis 1 was partially accepted in that trunk lateral bending, pelvis sagittal bending, and pelvic rotation ROM was lower at the two-year follow-up. Hypothesis 2 was partially accepted in that the L3-group showed less hip ROM in the transverse plane.
The results of this gait analysis both agree and disagree with previously published literature on patients with AIS.
The results of the two-year follow-up showed that temporal spatial parameters were only slightly impacted by the spinal fusion surgery. Previous data on the impact of spinal fusion on gait speed, cadence, and stride length has been contradictory. One study showed a significant increase in gait speed postsurgery [19] whereas others showed decreases in speed and step length [10] , [11] . Although our results showed statistically significant lower cadence and higher stride length as compared to controls, step length, walking speed, and cadence for all time points tested were within 95% confidence intervals reported for healthy males and females aged 10-19 years [20] , suggesting that the scoliosis deformity and spinal fusion did not cause clinically significant changes to these parameters. Work that compares the kinematics of subjects with AIS to a healthy control group is limited. Mahanudens et al. showed decreased frontal pelvis and hip motion and transversal hip motion [12] . Our populations showed agreement in frontal plane pelvic motion (L2+ group) and transversal hip motion (L3-group); however, we did not observe decreased hip frontal plane motion in either group. In the previous paper, gait analysis was performed on a treadmill at a set walking speed for all participants which differed from the self-selected walking speed in the current work. This controlled walking speed may have caused gait deviations which did not occur when patients were allowed to walk at a self-selected pace.
Several decreases in mobility were still observed at the two-year visit. Although the trunk lateral bending ROM during walking was decreased (average ROM 4.6°, 2.8°, and 2.0° for the control, L2+, and L3-groups, respectively), this is well below the total available lateral bending ROM, which was measured to range from 37° to 57° reported in our previous study that included the same patients [5] . Findings from the current study suggest that available ROM is not the cause of these gait deviations. It is plausible that the reduced ROM in patients with AIS is attributed to a compensatory mechanism to avoid loss of balance; however, there have been contradictory results in regard to balance capabilities of patients with AIS. Chen et al. reported decreased ROM of the pelvis in the transverse plane and the spine in the coronal plane when comparing patients with AIS to control subjects. It was noted that this decreased pelvic ROM may indicate that subjects with AIS need to restrict their movements to keep the upper body balanced because of geometric asymmetry from the deformity [21] . This work also showed patients with AIS to have poorer postural stability when compared to normal subjects [21] . This contradicts the work of Kurapati et al. [15] , which showed patients with AIS to have improved volitional weight shifting over typically developing controls, suggesting they learn to improve the initial accuracy of their weight shifts despite an aberrant center of gravity.
It has been reported that spinal fusion causes an increase in the incidence of lower back pain [18] ; therefore, correcting spinal alignment while maintaining normal joint function remains an important clinical concern. Although most gait abnormalities were diminished by the two-year postoperative appointment, pelvic tilt, trunk lateral bend, and pelvic and hip rotation range remained lower compared with the control group. Stiffness during gait may inhibit the cocontraction of the lumbo-pelvic muscles that has been noted in scoliosis patients [12] . If stiff gait is in fact only a compensatory safety mechanism to avoid loss of balance, intervention techniques to regain this ROM may be warranted to reduce the potential for low back pain from excessive muscular strain due to cocontraction.
With respect to lowest instrumented vertebrae, the current study showed limited significant differences in gait preoperatively and at the one-and two-year follow-up between the L2+ and the L3-group. This suggests that LIV does not greatly affect functional tasks such as gait. A major limitation to this work was that patients were not randomly assigned an LIV; rather, the appropriate LIV was determined by the operating surgeon. However, there was no statistical significance between the Cobb angles between the two groups at any of the time points tested. A long-term study of individuals with AIS at least 20 years after surgery showed subjects with fusion ending at L3 or above had better lumbar mobility compared to those with more distal ending fusions [3] and a study on trunk mobility showed a trend toward greater postoperative reduction in peak forward flexion at more distal LIVs [5] . One reason for limited differences between the two groups could be that differences might only be seen at LIVs more distal than L3. Our sample size prohibited us from dividing our AIS population into more than two LIV groups. Future work could use larger patient populations to assess differences in LIVs below L3.
A further limitation of this study was that a power analysis was not completed prior to the study because of a lack of pilot data. Using the primary variable of interest (sagittal trunk ROM) based on previous literature [5] , a power analysis was conducted to guide future work on this subject. Power analysis showed that to accurately capture a difference between the two LIV groups at 80% power, 2203 subjects would need to be analyzed.
In conclusion, patients with AIS showed decreased ROM preoperatively, primarily in pelvic tilt, pelvic rotation, and hip rotation. Postoperatively, further decreases in ROM were observed for these parameters as well as hip flexion. These ROM variables remained relatively consistent following the two-year visit, indicating that most of the kinematic changes occurred in the first year following surgery. It is likely that no functional differences were seen in the current study due to the lack of full ROM used during normal gait. As such, expansion of the study to include more complex tasks that utilize greater ROM in the pelvis and hip, such as running, jumping, and changing direction, may reveal group differences and as such warrant further investigation before conclusions regarding functional tasks and LIVs are made.
